Polysialic acid (polySia) is mainly found as a modification of neural cell adhesion molecule (NCAM) in whole embryonic brains, as well as restricted areas of adult vertebrate brains, including the hippocampus. PolySia shows not only repulsive effects on NCAM-involved cell-cell interactions due to its bulky and hydrated properties, but also attractive effects on the interaction with neurologically active molecules, which exerts a reservoir function. Two different polysialyltransferases, ST8SIA2 and ST8SIA4, are involved in the synthesis of polySia chains; however, to date, the differences of the properties between polySia chains synthesized by these two enzymes remain unknown. In this study, to clarify this point, we first prepared polySia-NCAMs from HEK293 cells stably expressing ST8SIA4 and ST8SIA2, or ST8SIA2 (SNP-7), a mutant ST8SIA2 derived from a schizophrenia patient. The conventional sensitive chemical and immunological characterizations showed that the quantity and quality (structural features) of polySia are not so much different between ST8SIA4-and ST8SIA2-synthesized ones, apart from those of ST8SIA2 (SNP-7). Then, we assessed the homophilic and heterophilic interactions mediated by polySia-NCAM by adopting a surface plasmon resonance measurement as an in vitro analytical method. Our novel findings are as follows: (i) the ST8SIA2-and ST8SIA4-synthesized polySia-NCAMs exhibited different attractive and repulsive effects than each other; (ii) both polySia-and oligoSiaNCAMs synthesized by ST8SIA2 were able to bind polySia-NCAMs; (iii) the polySia-NCAM synthesized by a ST8SIA2 (SNP-7) showed markedly altered attractive and repulsive properties. Collectively, polySia-NCAM is suggested to simultaneously possess both attractive and repulsive properties that are highly regulated by the two polysialyltransferases.
Introduction
Neural cell adhesion molecule (NCAM) is an adhesive glycoprotein localized on the cell surface of neuronal and immune cells, and is involved in a number of important biological functions, including cell adhesion and migration, synapse formation, learning and memory consolidation and social interactions (Rutishauser 2008) . NCAM, a member of the immunoglobulin (Ig) superfamily, contains five Ig-like domains (Ig1-Ig5) with six N-glycosylation sites followed by two fibronectin type III (Fn III ) repeats (Fn1 and Fn2), a transmembrane domain and cytoplasmic tail (NCAM180 and NCAM140) or glycosylphosphatidylinositol (GPI)-anchored NCAM (NCAM120). NCAM homophilically interacts with NCAM via Ig1-Ig2 in cis-mode or via Ig2-Ig3 in trans-mode, although the dynamic binding mechanism has not been resolved (Kiselyov et al. 2005) . NCAM is also demonstrated to have heterophilic interactions with proteoglycans (heparan sulfate proteoglycan [HSPG] and chondroitin sulfate proteoglycan [CSPG] via Ig2) (Cole and Akeson 1989; Retzler et al. 1996) , signaling receptors (GFRα via Ig3, FGFR via Fn1-Fn2) (Kiselyov et al. 2003; Ibáñez 2010) and adhesive molecule L1 (via Ig4) (Horstkorte et al. 1993) . Through these homophilic and heterophilic interactions, NCAM regulates a number of biologically important cell-cell/substrate interactions. The intermolecular interaction of NCAM is also influenced by a characteristic feature of the Ig5 extracellular domain, which contains three Nglycosylation sites that are modified by unique and functional glycans called polysialic acids (polySia, PSA) (Rutishauser 2008; Sato and Kitajima 2013) . PolySia modification on NCAM is spatio-temporally restricted to embryonic developmental stages or to "highly plastic areas" of the adult brain, such as the olfactory system and hippocampus, where neurogenesis is ongoing throughout life. For this reason, polySia-modified NCAM is considered to be involved in many specific functions in the brain (Bonfanti 2006; Rutishauser 2008) .
PolySia is a linear polymer of sialic acid (Sia) with a degree of polymerization (DP) of 8-400 . In vertebrate brains, the polySia exclusively exists as (-8Neu5Acα2-) n , while, in gametic cells of the deuterostome, more diverse structures of polySia are found: (-8Neu5Gcα2-) n , (-8Neu5Ac/Neu5Gcα2-) n and (-8KDNα2-) n in fish (Sato et al. 1993 ); (-5Neu5Gcα2-) n and (-9Neu5Acα2-) n in sea urchin (Kitazume et al. 1996; Miyata et al. 2004) . PolySia shows bulky and hydrated properties as a poly-anion (Rutishauser 2008) . Therefore, polySia modification imparts antiadhesive properties to NCAM, and exerts a negative effect on cellcell/substrate interactions (Bonfanti 2006; Rutishauser 2008) . PolySia on a cell has a repulsive property to that on another cell (Rutishauser 2008; Sato and Kitajima 2013) and the cell surface polySia increases intercellular spaces (Yang et al. 1992 (Yang et al. , 1994 . In contrast, polySia also has a distinct character to directly bind to the brain-derived neurotrophic factor (BDNF) in a DP-dependent manner (Kanato et al. 2008) , and additionally, polySia can serve as a reservoir for neurologically (biologically) active molecules, such as neurotrophins (e.g., BDNF) (Kanato et al. 2008; Hane et al. 2012 Hane et al. , 2015 , catecholamine neurotransmitters (e.g., dopamine) Isomura et al. 2011) , growth factors (e.g., fibroblast growth factor [FGF2, bFGF]) (Ono et al. 2012) . The binding of these molecules to polySia thereby regulates their function. PolySia keeps active molecules to regulate the concentration of these molecules (Kanato et al. 2008; Ono et al. 2012) , protects from proteolytic degradation (Hane et al. 2015) and inhibits the enzymatic processing Hane et al. 2015) . Therefore, polySia provides an attractive property toward biologically active molecules.
PolySia is synthesized by two polysialyltransferases (polyST), ST8SIA2/STX and/or ST8SIA4/PST (Angata and Fukuda 2003) . To examine the function of polySia, several types of polySia-related enzyme-deficient mice were established. Studies with ST8Sia2 and ST8Sia4 double-KO (DKO) mice, which lack polySia (Hildebrandt et al. 2007 ) and have a high mortality rate soon after birth (80% die of DKO mice within 4 weeks of birth), suggest that polySia plays a direct and important role in a number of biological functions. Notably, ST8Sia2 single-KO (SKO) (Angata et al. 2004 ) and ST8Sia4-SKO mice (Eckhardt et al. 2000) show relatively mild phenotypes, and contain large amounts of polySia 50% (ST8Sia2-SKO) and 95% (ST8Sia4-SKO) of the levels found in control mice, suggesting that the remaining polySia molecules maintain the normal cellular functions of polySia. Interestingly, ST8Sia2-SKO and ST8Sia4-SKO mice exhibit different phenotypes; the former have abnormal mossy fiber formation, normal long-term potentiation (LTP) in CA1 and abnormal fear conditioning, whereas the latter have normal mossy fiber formation, abnormal LTP in CA1, and normal fear conditioning. Although the mechanisms underlying the development of these phenotypes remain unknown, minor differences in the polySia structures synthesized by ST8SIA2 and/or ST8SIA4 are thought to be responsible (Galuska et al. 2008) .
PolySia has also been speculated to be involved in the development of several human psychiatric disorders . In schizophrenic (SZ) brains, a decreased number of polySiaimmunostained cells is found in the hippocampus (Barbeau et al. 1995) and layers IV and V in the dorsolateral prefrontal cortex, but not in the amygdala (Gilabert-Juan et al. 2012) . In a search for a genetic link, Maziade et al. (2005) performed genomes scans of Eastern Quebec families and identified a common susceptibility region for both SZ and bipolar disorder (BD) on chromosome 15q26, which is the region encoding ST8SIA2. In 2006, an association between single-nucleotide polymorphism (SNP)-1 (rs3759916) and SNP-3 (rs3759914) in the promoter regions of ST8SIA2 and SZ was identified in the Japanese population (Arai et al. 2006 ). rs3759915 (SNP-2) and rs3759916 (SNP-1) were also found to be associated with SZ in Chinese (Tao et al. 2007 ) and Spanish populations (Gilabert-Juan et al. 2013) , respectively. In addition, SNP-7 (rs545681995) (g421a) is a genetic variation that leads to a single amino acid change (E141K) in the ST8SIA2 ORF (Arai et al. 2006) and was found in a severe SZ patient with a strong familial link to SZ. SNP-9 (rs2305561) is a silent SNP that has no significant association with SZ in the Japanese population, but is significant associated with SZ in the Spanish male population based on a dominant model of inheritance and genotype P value (Gilabert-Juan et al. 2013 ). An association between a genetic variant of ST8SIA2 and BD was also reported (Shaw et al. 2014) . Both SNP-7 and SNP-9 lead to impairment of the reservoir function (Isomura et al. 2011) . We also analyzed the impact of these SNPs of ST8SIA2 on the moleculebinding properties of polySia and found that the binding of FGF2 and BDNF was markedly reduced compared with polySia synthesized by wild-type ST8SIA2. We also analyzed the effects of the iSNPs rs2168351 and rs3784730 of ST8SIA2, which are associated with BD and autism spectrum disorder, respectively, on the premRNA-, mRNA-, and protein expression of ST8SIA2 and its final product, and demonstrated that these iSNPs influenced their products . Based on the accumulated results, polySia expression is considered to be highly regulated for normal cellular and animal functions, and the related biosynthetic enzymes are involved in the regulated expression of polySia structure.
Based on the above-described findings, we hypothesize that polySia expression is highly regulated at the genetic level and that the quantity and quality (structural features) of polySia synthesized by polySTs influences normal brain functions. To evaluate the structural and functional relationships of polySia synthesized by wild-type and those mutated polySTs, a method for the biochemical characterization of polySia function is needed. PolySia has both attractive and repulsive properties. We previously established a method to evaluate the attractive property and structure of polySia on NCAM (Sato et al. 1999; Hane et al. 2015) ; however, the repulsive properties of polySia-NCAM has not been well studied. In addition, it remains unclear if polySia imparts opposed properties on the same surface. In the present study, we adopted a method for functional evaluation of both the attractive and repulsive properties of polySia, and also evaluated the anti-adhesive effects of polySia on NCAM. We also examined and compared the functional properties of polySia synthesized by the polySTs, ST8SIA2, ST8SIA4 and ST8SIA2 (SNP-7), which is found from a patient using a new surface plasmon resonance (SPR)-based method.
Results
Purification of polySia-NCAM-Fc, oligoSia-NCAM-Fc and asialo-NCAM-Fc
To prepare material for SPR-based analysis, NCAM-Fc (Supplementary data, Figure 1 ) and polySia-NCAM-Fc synthesized by ST8SIA2, ST8SIA4 and ST8SIA2 (SNP-7) were purified using protein A-Sepharose (Supplementary data, Figure 2 ). Western blotting of the purified polySia samples was performed using 12E3 antibody (anti-polySia) recognizing oligo/polySia (DP ≥ 5), including the nonreducing terminal end , 735 antibody (anti-polySia) recognizing polySia (DP ≥ 11), and anti-Fc antibody after Endo-N treatment to examine total protein expression. The intensity of the immunostained bands was used to quantify the amount of polySia chain moieties and total protein. By antipolySia antibody staining, the amounts of polySia chains derived from purified polySia-NCAM-Fcs synthesized by ST8SIA2 and ST8SIA4 were different. The amount of polySia derived from ST8SIA4 was about two times (1.4 for 12E3 and 1.6 for 735) greater than that of ST8SIA2 evaluated by Western blotting ( Figure 1A , IB 12E3 and 735, anti-polySia). On the other hands, the polySia-NCAM-Fc produced by ST8SIA2 (SNP-7), which was identified in a SZ patient and contains a single amino acid mutation (E141K), contained markedly reduced amounts of polySia (0.065 for 12E3 and 0.084 for 735) ( Figure 1A , anti-polySia and antiFc). This result is consistent with previous findings obtained for polySia-NCAM-Fc derived from CHO cell lines. It was also confirmed that polySia structures were not detected on NCAM-Fc purified from the stable HEK293 cell line transfected with mock plasmid ( Figure 1A) .
Purified polySia-NCAM-Fc synthesized by ST8SIA2 was next treated with Endo-N or exo-sialidase to produce oligoSia-and asialo-NCAM-Fc ( Figure 1B ). PolySia is known to give oligoSia products (mostly 3 Sia residues) after Endo-N treatment (Hallenbeck et al. 1987; Sato et al. 1993 ). After Endo-N treatment of polySia-NCAMFc, the remaining oligoSia structures were characterized using antidiSia (S2-566) , anti-triSia (A2B5) (Inoko et al. 2010) and anti-polySia (12E3). The results showed that Endo-N-treated polySia-NCAM-Fc was stained with A2B5, but not with 12E3 or S2-566 ( Figure 1C ). In contrast, exo-sialidase-treated NCAM-Fc was not stained with any of the anti-polySia-, triSia-or diSia ( Figure 1C ).
Characterization of polySia structure on polySia-NCAM-Fc by chemical methods
Although the amounts of polySia is evaluated by Western blotting or ELISA analysis, precise structural differences between the polySia-NCAM-Fc molecules derived from ST8SIA2 and ST8SIA4 could not be determined using anti-polySia antibodies as shown in Figure 1A , therefore, we attempted to determine differences in the polySia structures by mild-acid hydrolysis (MH)-fluorometric anionexchange chromatography (MH-FAEC) analysis (Sato et al. 1999) (Figure 2A ). This method allows for estimation of the maximum chain length and DP distribution of polySia on NCAM based on peak number ( Figure 2A ). The maximum DP of the polySia structures synthesized by ST8SIA2 and ST8SIA4 was estimated to be 32 and 35, respectively, whereas that of polySia derived from ST8SIA2 (SNP-7) on NCAM-Fc was estimated to be 22 ( Figure 2B ), indicating that ST8SIA2 (SNP-7) synthesizes shorter polySia chains as compared with wild-type ST8SIA2. This result is consistent with the reported DP for polySia-NCAM-Fc derived from CHO cells expressing ST8SIA2 and ST8SIA4 ). In addition, no polySia chains derived from NCAM-Fc purified from mock-transfected HEK293 cells were detected ( Figure 2B , NCAM), a result that is consistent with the finding that NCAM-Fc derived from mock-transfected cells did not react with anti-polySia antibody ( Figure 1A) .
Estimation of the areas for each peak was used to determine the DP distribution of polySia. The distribution of DP for polySia derived from polySia-NCAM-Fc synthesized by ST8SIA2 (SNP-7) showed a larger ratio of shorter polySia chains than that for polySia synthesized by ST8SIA2 or ST8SIA4, which formed polySia chains with similar DPs and ST8SIA4-synthesized longer polySia chains and the distributions of the polySia as well showed longer polySia chain compared with those of polySia synthesized by ST8SIA2 ( Figure 2C ). Purified whole polySia-NCAM-Fc was also analyzed using anion-exchange HPLC and was found to have a net negative charge (NC) based on the elution position of mild-acid-hydrolyzed colominic acid (Kanato et al. 2008) . As shown in Figure 3 , the elution positions and overall profiles of the polySia-NCAM-Fcs were similar. Magnification of the elution positions from fractions 74-110 showed that the predominant form of polySia-NCAM-Fc synthesized by ST8SIA2 was eluted at 0.481 M NaCl, which corresponded to a NC of 94. The predominant NC for polySia-NCAM-Fc synthesized by ST8SIA4 was 84 (0.470 M NaCl). ST8SIA2 (SNP-7)-derived polySia-NCAM-Fc was eluted as two broad peaks with NCs of 67 (0.449 M NaCl), which is lower than that for polySia-NCAM-Fc synthesized by ST8SIA2. Taken together, these results suggest that the structure of polySia differs with respect to quantity and quality (structural features) depending on the polyST involved in the synthesis. Notably, ST8SIA2 synthesized the longest polySia chains with the largest net NC, whereas ST8SIA2 (SNP-7) had markedly lower enzyme activity.
Measurement of the attractive property of polySia-NCAM-Fc
We previously demonstrated that both polySia and polySia-NCAM were able to bind to BDNF and FGF2, which we named the molecule-binding property. Since the molecule-binding property of the polySia synthesized by ST8SIA2 and ST8SIA4 has never been examined before, they were quantitatively evaluated using the Biacore SPR-based analysis. For the analysis, polySia-NCAM-Fc was immobilized on the surface on a gold sensor chip via protein A. NCAM-Fc immobilized on the sensor surface was used as a negative control to subtract the sensorgram data from that of polySia-NCAM-Fc. Using this approach, the obtained sensorgrams were considered to be due to the contribution of polySia to BDNF and FGF2 binding ( Figure 4A ). For the analysis, sensor surfaces modified with polySia-NCAM-Fc derived from ST8SIA2-, ST8SIA4-and ST8SIA2 (SNP-7)-expressing cells were prepared, and the binding interactions of FGF2-and BDNF with these surfaces was then analyzed ( Figure 4B ). The polySia-NCAM-Fc molecules synthesized by the different polySTs exhibited clear differences in the binding properties to FGF2 and BDNF. Specifically, polySia-NCAM-Fc synthesized by ST8SIA4 captured more FGF2 and BDNF than that synthesized by ST8SIA2 ( Figure 4B ). In addition, the binding profiles of polySia-NCAM synthesized by ST8SIA2 toward BDNF from 0 to 20 s clearly differed, indicating that the properties of polySia on NCAM are strongly influenced by the polyST. Notably, however, the structural features of polySia, as evaluated using immunological and chemical analyses, appeared similar, although the maximum DP of polySia derived from ST8SIA2 was lower than that of polySia produced by ST8SIA4. In addition, the polySia-NCAM derived from ST8SIA2 (SNP-7) showed impaired binding profiles toward FGF2 and BDNF ( Figure 4B ) likely due to the marked impairment of polySia synthesis by ST8SIA2 (SNP-7).
Measurement of the repulsive property of polySia-NCAM-Fc
On the same surface that an attractive field was evaluated, the homophilic binding of polySia-NCAM that were derived from ST8SIA2-, ST8SIA4-, ST8SIA2(SNP-7)-expressing cells and were immobilized on the surface of the protein A-conjugated gold sensor chips was next evaluated using SPR. Toward polySia-NCAM and NCAMimmobilized surfaces, polySia-NCAMs derived from ST8SIA2, ST8SIA4, ST8SIA2 (SNP-7)-expressing cells were measured as analytes ( Figure 5A ). As the resonance unit (RU) values showed the weight of the binding molecules toward each sensor chip, the values obtained for the sensorgram of the NCAM-Fc surface as a negative control were subtracted from the test samples. Using this approach, positive RU values show the binding contribution of polySia on polySia-NCAM, whereas null or negative RU values indicate that the polySia on polySia-NCAM had no or repulsive properties, respectively, as NCAM itself is able to bind significant amount of analytes ( Figure 5B ). As expected, polySia-NCAM synthesized by ST8SIA2 showed repulsive interactions toward polySia-NCAM synthesized by ST8SIA2 and ST8SIA4 in a concentration-dependent manner ( Figure 5C , Ligand polySia-NCAM by ST8SIA2, Analyte; Purified polySia-NCAM-Fc and NCAM-Fc (0.5 ug/lane) were separated by SDS-PAGE (6.0% polyacrylamide gel) and blotted onto a PVDF membrane. PolySia and the Fc regions were detected with anti-polySia antibody (1 μg/mL 12E3 and 0.8 μg/mL 735-ScFv) and anti-Fc antibody (0.5 μg/mL), respectively. For SDS-PAGE, sample denaturation was carried out at 60°C for 20 min for polySia detection, and at 100°C for 3 min for Endo-N-treated protein. One microgram of the samples were loaded. PolySia-NCAM-Fc synthesized by ST8SIA2, ST8SIA4 and ST8SIA2 (SNP-7), and NCAM-Fc synthesized by mock transfectant cells, were analyzed. (B) Preparation of oligoSia and asialo-NCAM-Fc. Purified polySia-NCAM-Fc synthesized by ST8SIA2 was treated with Endo-N or exo-sialidase to prepare oligoSia-NCAM-Fc and asialo-NCAM-Fc, respectively, which were then analyzed by anti-Fc antibody. (C) Purified polySia-NCAM-Fc, oligoSia-NCAM-Fc and asialo-NCAM-Fc were separated by SDS-PAGE (6.0% polyacrylamide gel) and blotted onto a PVDF membrane. PolySia, triSia and diSia were detected with antipolySia antibody, anti-triSia antibody (A2B5, 1 μg/mL) and anti-diSia antibody (S2-566, 1 μg/mL), respectively. This figure is available in black and white in print and in color at Glycobiology online.
polySia-NCAM by ST8SIA2 and ST8SIA4). This finding is consistent with the results of a previous cell-based assay (Johnson et al. 2005a ). Unexpectedly, polySia-NCAM synthesized by ST8SIA4 showed an attractive interaction toward polySia-NCAM synthesized by both ST8SIA2 and ST8SIA4, also in a concentration-dependent manner ( Figure 5C , Ligand polySia-NCAM by ST8SIA4, Analyte; polySia-NCAM by ST8SIA2 and ST8SIA4), indicating that polySia-NCAM synthesized by ST8SIA4 interacts with polySia-NCAM. This is the first observation that polySia-NCAM directly interacts with polySia-NCAM. In addition, the binding profiles are dependent on the polySTs involved in polySia synthesis.
In experiments using polySia-NCAM derived from ST8SIA2 (SNP-7)-expressing cells as a ligand, both the binding and repulsive properties of polySia were impaired ( Figure 5C , Ligand polySia-NCAM by ST8SIA2 (SNP-7), Analyte; polySia-NCAM by ST8SIA2 and ST8SIA4). Similarly, when polySia-NCAM-Fc derived from ST8SIA2 (SNP-7)-expressing cells was used as an analyte, the repulsive and binding properties of polySia were also reduced compared to polySia-NCAM-Fc synthesized by ST8SIA2 ( Figure 5C , Ligand polySia-NCAM by ST8SIA2 and ST8SIA4, Analyte; polySia-NCAM by ST8SIA2 (SNP-7) ). In addition, the properties of polySia-NCAM derived from ST8SIA4 were also impaired. Based on these results, the functional, attractive and repulsive properties of polySia-NCAM-Fc synthesized by ST8SIA2 (SNP-7) were found to be markedly impaired compared to polySia-NCAM-Fc synthesized by ST8SIA2 or ST8SIA4. Finally, we analyzed the effects of oligoSia and asialo-NCAM-Fc on the molecular interactions of polySia-NCAM, which have not been examined to date, although the presence of diSia on NCAM was confirmed . As shown in Figure 5D , almost no interactive effects were observed when asialoNCAM-Fc was used as an analyte; however, when oligoSia-NCAM-Fc (DP = 2-3) was used as an analyte, binding toward the polySia-NCAM surface was detected, particularly for polySia-NCAM-Fc synthesized by ST8SIA4, indicating that the oligoSia structure is a key molecule for binding to the polySia-NCAM surface. were hydrolyzed under mild-acid conditions and were then immediately labeled with the α-keto acidspecific fluorometric reagent DMB. The labeled oligo/polySia chains were subjected to anion-exchange chromatography. The elution pattern of colominic acid is shown. Using this method, it was possible to estimate the chain length (degree of polymerization, DP) of polySia based on peak number (Sato et al. 1999) . (B) MH-FAEC analysis of purified polySia-NCAM-Fc. Samples were subjected to mild-acid hydrolysis, and released oligo/polySia was derivatized with DMB. Labeled samples were loaded onto a DNApac PA-100 anion-exchange column and were eluted with 2 mM Tris-HCl (pH 8.0), followed by a NaCl gradient (0-10 min, 0 M; 10-70 min, → 0.5 M; 70-75 min, → 1 M; and 75-80 min, → 0 M) at a flow rate of 1 mL/min. The elution profile was monitored with a fluorescence detector by excitation at 373 nm and emission at 448 nm. Purified ST8SIA2-, ST8SIA4-and ST8SIA2 (SNP-7)-derived polySia-NCAM-Fc were analyzed by MH-AEC analysis, as described in (A). (C) The distribution of the DP. The DP was calculated for each peak area shown in (B). This figure is available in black and white in print and in color at Glycobiology online.
Discussion
The repulsive feature of polySia-NCAM has been attributed to the polySia modification on NCAM and polySia is considered to be an exclusive molecule. Due to this repulsive property, polySia is considered to be involved in neural cell migration, axonal guidance, fasciculation, myelination, synapse formation and functional plasticity of the nervous system. Based on the results obtained using genetically modified mice with mutated polyST genes, a variety of biological functions due to the disturbances of polyST genes have been reported, and these functions have been only considered to be due to their final product, polySia's repulsive property. Recently, polySia was shown to bind a number of neurologically important molecules, such as BDNF, FGF2 and dopamine, and regulate their functions through attractive property. For this reason, the underlying molecular mechanisms involved in polySia binding warrant further study, particularly with respect to NCAM function. By examining structural differences between polySia chains synthesized by various polySTs, we found that anti-polySia antibody does not discriminate precisely between polySia chains synthesized by ST8SIA2 and ST8SIA4 ( Figure 1A ) although these antibodies can evaluate the amounts of polySia. Based on the specificity of the antibodies 12E3 and 735, we can at least know the polySia with DPs of ≥ 5 and ≥ 11, respectively ; however, the distribution of DP and other underlying structural differences remain unknown. Therefore, intensities of the staining by these antibodies depend on the amounts of polySia, and the difference of the tissue staining using these antibodies, focusing on the difference between normal and disease, mainly indicates the difference of quantity of polySia. It should be noted, however, that oligoSia-containing glycoproteins or glycolipids are detectable by 12E3, but not by 735, as discussed previously. Using a chemical method developed in-house for the analysis of polySia-NCAM purified from HEK cells (Sato et al. 1999) , we found that ST8SIA4 synthesizes slightly longer polySia chains compared with those of ST8SIA2 (DP 35 vs. 32) ( Figure 2B ) Fig. 3 . MonoQ anion-exchange chromatography of polySia-NCAM-Fc. PolySia-NCAM-Fc secreted from HEK cells stably expressing NCAM-Fc and either ST8SIA2, ST8SIA4 or ST8SIA2 (SNP-7) was collected from culture medium using a protein A column. Purified polySia-NCAM-Fcs were subjected to MonoQ anion-exchange chromatography, and the eluted fractions were dot-blotted onto a nitrocellulose membrane, followed by immunostaining with anti-polySia antibody (12E3) to detect polySia-NCAM-Fc. 12E3-relative activity was used to assess the amounts of polySia in each fraction, and polySia staining exhibited by each sample prior to anion-exchange chromatography was set to 1.0. The NaCl gradient is indicated by the dotted line. ■, polySia-NCAM-Fc derived from ST8SIA2; •, polySia-NCAM-Fc derived from ST8SIA4; ▴, polySia-NCAM-Fc derived from ST8SIA2 (SNP-7). The position of net negative charges (NCs) (Kanato et al. 2008 ) is indicated by black arrowheads. The position at which the majority of polySia-NCAM-Fc was eluted is indicated by arrowheads. This figure is available in black and white in print and in color at Glycobiology online. and the distribution of longer DP for polySia chains synthesized by ST8SIA4 was shown, although the differences among polySTs were not so large ( Figure 2C ), indicating that it is difficult to distinguish between the polySia chains synthesized by ST8SIA2 or ST8SIA4. On comparison of the net NC of polySia-NCAM using anion-exchange chromatography, the elution patterns of polySia-NCAMs derived from both polySTs were found to be similar, although the polySia-NCAM synthesized by ST8SIA2 had a greater amounts of NC than that by ST8SIA4. Notably, the amount of polySia, maximum DP of polySia chains on NCAM, and elution pattern of polySia-NCAM-Fc were clearly altered for polySia synthesized by ST8SIA2 (SNP-7), which was identified in a SZ patient and contains a cSNP (SNP-7) that leads to a single amino acid change (E141K).
Using SPR with polySia immobilized on the chip surface, polySia was confirmed to have attractive properties toward FGF2 and BDNF ( Figure 4A ). In addition, the binding profiles and amount of FGF2 and BDNF bound to the polySia were clearly distinct for polySia-NCAM synthesized by ST8SIA2 and ST8SIA4 ( Figure 4B ). This is the first demonstration that polySia synthesized by ST8SIA2 and ST8SIA4 have different molecule-binding properties. As FGF2 and BDNF bind to polySia with DP17 or greater and DP12 or greater (Ono et al. 2012) , respectively, and ST8SIA4 synthesizes longer and larger amounts of polySia chains compared with that of ST8SIA2 ( Figure 2B ), polySia synthesized by ST8SIA4 binds greater amounts of BDNF and FGF2 compared to that synthesized by ST8SIA2. In addition, the binding of polySia on polySia-NCAM-Fc synthesized by ST8SIA2 in hamster cells to BDNF was also shown to be characteristic during the first 0 to 20 s of ligand introduction into the SPR system; i.e., a prominent increase and subsequent rapid release of BDNF happen in 20 s. This characteristic profile was not observed for polySia chains alone (Ono et al. 2012) , but rather for NCAM-bound polySia. Therefore, it may be considered that oligomerization or conformational changes of BDNF occur on the NCAM-bound polySia to transiently increase affinity for BDNF.
The modification of NCAM with polySia imparts an attractive property for biologically active molecules; however, it remains unclear that both repulsive and attractive properties can co-exist simultaneously. In addition, the repulsive force of polySia on polySia-NCAM shown by Rutishauser et al. is difficult to quantify experimentally (Yang et al. 1994; Johnson et al. 2005b; Rutishauser 2008) . Therefore, we attempted to use an SPR-based method to comprehensively evaluate the functional properties of polySia. Using this approach, the interaction between polySia-NCAM-Fc synthesized by ST8SIA2 as a ligand and polySia-NCAM-Fc synthesized by both polySTs as an analyte showed negative RU values, which are considered to be indicative of the repulsive force of polySia-NCAM, because NCAM-Fc was used as a negative control ( Figure 5B ). Because NCAM-Fc itself bound to NCAM-Fc and polySia-NCAMFc, subtraction of the sensorgram data for the NCAM-immobilized surface from that of the polySia-NCAM-immobilized surface, which bound less analyte, gives a negative RU value. These results demonstrate that the SPR-based method used in the present study was originally developed for the evaluation of attractive property, can also be used to evaluate the repulsive property of polySia-NCAM. Using the SPR-based method, we confirmed that polySia has both attractive and repulsive properties when immobilized on the sensor chip surface. Notably, however, the repulsive interaction was only observed using polySia-NCAM synthesized by ST8SIA2, as polySia-NCAM synthesized by ST8SIA4 only exhibited an attractive property toward polySia-NCAM. This, again, represents the first demonstration that polySia-NCAM has a homophilic binding property. In addition, polySia synthesized by ST8SIA2 showed different properties than those of polySia synthesized by ST8SIA4, particularly with respect to repulsive forces. So far, the reasons for the different phenotypes between ST8Sia2-SKO and ST8Sia4-SKO mice are also unclear. Only ST8Sia2 gene, but not ST8Sia4 gene, has been reported to have some relationship with mental disorder. In addition, ST8Sia2-SKO mice, but not ST8Sia4-SKO mice, were shown to be available as SZ-model mice. Although the amount and DP of polySia derived from ST8Sia2-SKO and ST8Sia4-SKO mice showed different but not striking, the molecular based difference to be explained remain unknown. In the present study, we clearly demonstrated that polySia derived from ST8SIA2-or ST8SIA4-expressing cells has markedly different attractive and repulsive properties when present as a modification of NCAM, which may be a key property influencing the observed phenotypes of ST8Sia2-SKO and ST8Sia4-SKO mice and underlying mechanism of the diseases (Hildebrandt et al. 2009 ).
We previously reported that the enzymatic activity of ST8SIA2 (SNP-7) is much lower than that of ST8SIA2 and also demonstrated using polySia-NCAM-Fc derived from CHO cells that polySia synthesized by ST8SIA2 (SNP-7) has a reduced capacity to serve as a reservoir for BDNF, FGF2 and neurotransmitters (Isomura et al. 2011; Hane et al. 2012 Hane et al. , 2015 . These findings are consistent with the present results using HEK cells as a host for polySia-NCAM synthesis. The amount of FGF2 and BDNF binding was completely impaired by the modification of polySia with fewer and shorter polySia, which might appear to be concerned with psychiatric disorders ( Figure 4B ). In particular, the binding profile of BDNF by polySia-NCAM synthesized by ST8SIA2 was clearly altered, indicating that this interaction is critical for normal brain function. It is noteworthy that this property was only observed for polySia-NCAM derived from ST8SIA2, which is reportedly related to psychiatric disorders . Consistent with this speculation, psychiatric disorder patients often have lower serum levels of BDNF. In two reports using human brain examining the relationship between polySia expression and SZ, decreased polySia immunostaining was detected in SZ brains; however, the structural features of the stained polySia could not be correctly evaluated using antipolySia antibodies among reports that could not show any significant difference on polySia by immunostaining. Using the SPR-based analysis of the functional properties of polySia ( Figure 4B ), now we could show the striking differences among polySia on polySia-NCAM synthesized by ST8SIA2 or ST8SIA4 that did not lead to the striking difference on DP or NC. Based on the accumulated evidence that genetic variation or SNPs in the ST8SIA2 gene are related to SZ and BD, and that ST8Sia2-KO mice showed SZ-related behavior, ST8SIA2 may be related the development of psychiatric disorders, although the molecular mechanisms underlying these diseases remain still unknown. Although the disease process of SZ is multifactorial and inherently difficult to study , it is noteworthy that polySia interacts with multiple molecule regulators via attractive and repulsive properties. For this reason, if polySia is impaired with respect to quantity and quality (structural features) by SZ-specific genetic variations or significant SNPs, the molecules designed to be regulated by polySia may function abnormally, leading to abnormal conditions. These situations may cause the risk of disease high. In this point, the BDNF binding profiles by polySia synthesized by ST8SIA2 (SNP-7) were dramatically altered, suggesting that the interaction between BDNF and polySia or the processing of proBDNF to BDNF in the presence of polySia, as described previously (Hane et al. 2015) , may place a role in the development of SZ.
Not only polySia-NCAM but also oligoSia-NCAM bound to polySia-NCAM ( Figure 5D ), whereas polySia-NCAM bound markedly lower levels of asialo-NCAM-Fc compared with NCAM derived from mock cells as a negative control. Although asialo-NCAM is not naturally found, the study of this molecule may allow the underlying mechanism of molecule-binding to be resolved, as oligoSia-NCAM and asialoNCAM only differ with respect the presence of di or triSia residues. We recently found that a sialic acid binding site is present in NCAM (data not shown), leading us to hypothesize that polySia-NCAM forms a complex via oligo/polysialic acid. In a previous study using AFM, oligo/polySia appeared to form bundles on the artificial surface used as a substrate (Toikka et al. 1998) , and the same phenomena observed on the sensor chip might be the same mechanism.
In summary, the application of an SPR-based method allowed for the simultaneous analysis of the attractive property of polySia on NCAM toward homophilic and heterophilic molecules, in addition to the repulsive property toward homophilic molecules ( Figure 6 ). This approach revealed that the polySia synthesized by the polySTs, ST8SIA2 and ST8SIA4, has two distinct functional properties, namely attractive and repulsive properties, although differences in the polySia structure synthesized by these polySTs could not be discriminated using specific antibodies and chemical analyses. Furthermore, ST8SIA2 (SNP-7) synthesized fewer and shorter polySia chains, which were evaluated using anti-polySia antibody and chemical methods, and the resulting polySia structure had marked alterations to both the attractive and repulsive properties. Based on these data, we conclude that the quantity and quality (structural features) of polySia are highly regulated by ST8SIA2 and ST8SIA4.
Materials and methods

Materials
Recombinant human FGF2 was obtained from Peprotech (Paris, France). Recombinant BDNF was purchased from Alomone Laboratories (Jerusalem, Israel). Recombinant FGF2 and BDNF Fig. 6 . Functional properties of polySia-NCAM. The novel SPR-based evaluation method revealed that polySia synthesized by the polySTs ST8SIA2 and ST8SIA4 had two different functional properties. PolySia-NCAM synthesized by ST8SIA2 showed a repulsive property toward polySia-NCAM and an attractive filed toward BDNF (cylinder) and FGF2 (triangular prism). In contrast, polySia-NCAM synthesized by ST8SIA4 exhibited only attractive properties toward polySia-NCAM-Fc, BDNF and FGF2. Therefore, polySia-NCAM may have different functional properties depending on the polyST enzyme involved in its synthesis. This speculation is supported by the fact that a genetically mutated polyST enzyme from a SZ patient produced polySia with impaired functional properties, further suggesting that the functional properties of polySia are highly regulated at the genetic level. This figure is available in black and white in print and in color at Glycobiology online.
Purification of polySia-NCAM-Fc, oligoSia-NCAM-Fc and asialo-NCAM-Fc A HEK293 cell line stably secreting NCAM-Fc after transfection with pcDNA3.1-NCAM-Fc (Supplemental Fig. 3 ) and selection with Zeocin was transfected with Linear Puromycin Marker (0.3 μg) using polyethylenimine (Baldi et al. 2005 ) and one of the following plasmids (3 μg): pBudCE4.1-ST8SIA2, pBudCE4.1-ST8SIA4 or pBudCE4.1-ST8SIA2 (SNP-7) (Isomura et al. 2011) . Stable cell lines secreting polySia-NCAM-Fc were established by culturing the transfected cells in the presence of puromycin (2 μg/mL). To purify polySia-NCAM-Fc, the culture medium was changed to a nonserumcontaining culture medium, which was then collected immediately after the addition of 100 mM Tris-HCl (pH 8.0), 1 mM PMSF and protease inhibitors (1 μg/mL aprotinin, 1 μg/mL leupeptin, 1 μg/mL pepstain, 2 μg/mL antipain and 10 μg/mL benzamidine). All procedures were conducted at 4°C in the presence of protease inhibitors between pH 7 and 8 to protect the polySia structure. The medium was centrifuged at 900 × g and the obtained supernatant was loaded onto a Protein A-Sepharose column, which was then washed with 10 mM phosphate buffer (pH 7.2) at 4°C followed by 10 mM phosphate buffer (pH 7.2) at 37°C to elute PolySia-NCAM-Fc. OligoSia-NCAM-Fc and asialo-NCAM-Fc were prepared from polySia-NCAM-Fc synthesized by ST8SIA2. OligoSia-NCAM-Fc was prepared by adding Endo-N, which cleaves polySia endogenously to oligoSia (DP = 2-3) (Hallenbeck et al. 1987; Sato et al. 1993) , at a final concentration of 0.9 mU/mL, followed by incubation at 37°C for 20 h. Asialo-NCAM-Fc was prepared by the addition of exo-sialidase in sodium acetate buffer (pH 5.5) at a final concentration of 100 mU/ mL, followed by incubation at 37°C for 20 h. The enzyme-treated samples were reloaded onto the Protein A-Sepharose column and purified as described above. Purified polySia-NCAM-Fc, oligoSia-NCAM-Fc and asialo-NCAM-Fc were analyzed by SDS-PAGE/ Western blotting using anti-polySia (12E3 [1 μg/mL] and 735-ScFv [0.8 μg/mL]), anti-triSia (A2B5) (1 μg/mL), S2-566 (1 μg/mL) and antiFc antibodies (0.5 μg/mL) at 4°C. As secondary antibodies, peroxidase-conjugated anti-mouse IgG + M (1/5000 dilution) were applied to the membranes, which were then incubated for 60 min at 37°C. Color development for the visualization of antibody-reactive bands was performed using standard reagents.
Characterization of polySia-NCAM-Fc
The polysialylation state of polySia-NCAM-Fc was analyzed chemically by mild-acid hydrolysis-anion-exchange chromatography, MH-FAEC method (Sato et al. 1999) . Purified polySia-NCAM-Fc secreted from HEK cells stably expressing ST8SIA2, ST8SIA4 or ST8SIA2 (SNP-7) was subjected to mild-acid hydrolysis (final concentration 0.01 N TFA). Released oligo/polySia molecules were derivatized with DMB (Sato et al. 1998 ) and loaded onto a DNApac PA-100 anion-exchange column, and were then collected by elution with 2 mM Tris-HCl (pH 8.0), followed by a NaCl gradient (0-10 min, 0 M; 10-70 min, → 0.5 M; 70-75 min, → 1 M; 75-80 min, → 0 M) at a flow rate was 1 mL/min . The elution profile was monitored with a fluorescence detector by excitation at 373 nm and emission at 448 nm. The amount of polySia was also measured using anion-exchange chromatography. Briefly, purified polySia-NCAM-Fc was applied onto a MonoQ anion-exchange column (1 mL) and separated using a linear gradient of NaCl to determine the net NC of polySia, as described previously (Kanato et al. 2008; Isomura et al. 2011) . The sample was eluted with 20 mM TrisHCl (pH 8.0), followed by a NaCl gradient (0-10 min, 0 M; 10-30 min, → 0.3 M; 30-105 min, → 0.5 M; 105-115 min, → 1 M, 115-125 min, 1 M, 125-140 min, → 0 M) at a flow rate of 1 mL/min and 1 mL was collected per fraction. The collected samples were dotblotted onto a nitrocellulose membrane, and the amount of polySia in each fraction was then determined by anti-polySia staining (12E3). The column was calibrated with colominic acid (authentic polySia from E. coli) prior to conducting the experiments, as previously described (Isomura et al. 2011 ).
Biacore analysis of polySia-NCAM-Fc, oligoSia-NCAMFc and asialo-NCAM-Fc
For SPR measurements, an Au sensor chip preparing a selfassembled membrane SAM was placed on sensor chip support using the sensor chip assembly unit, and was then set in a Biacore 3000 instrument (GE healthcare). After priming the system with water for 7 min, 0.1 mg/mL protein A solution was injected into the system at a flow rate of 10 μL/min for a total of 7 min. The loading with protein A was repeated once under the same conditions, and immobilized protein A was then monitored by measuring the RU values, which typically reached 800-1000 RU for protein A. To destroy excess activated groups, 1 mM ethanolamine was injected into the system for 7 min. After washing the sensor chip with HBS-EP (0.01 M HEPES containing 0.15 M NaCl, 3 mM EDTA and 0.0005% Surfactant P20), purified polySia-NCAM-Fcs synthesized by ST8SIA2, ST8SIA4 or ST8SIA2 (SNP-7) (2 mg/mL in 500 mM HBS-EP) were injected into the system to allow immobilization on the Au surface. Immobilization of polySia-NCAM-Fc was monitored based on the observed RU values, which typically reached approximately 800-900 RU. NCAM-Fc was used as a negative control. For evaluation of the attraction of polySia-NCAM-Fc towards heterophilic molecules, the interactions between immobilized polySia-NCAM-Fc/NCAM-Fc and FGF2 or BDNF were analyzed. FGF2 (170 nM in HBS-EP) or BDNF (111 nM in HBS-EP) was injected over the polySia-NCAM-immobilized sensor chip surface at flow rate of 20 μL/min. For analysis of the repulsive force of polySia, HBS-EP solutions containing varying concentrations (0, 0.275, 0.55 and 1.1 μM) of polySia-NCAM-Fc synthesized by ST8SIA2, ST8SIA4 or ST8SIA2 (SNP-7) were injected over the polySia-NCAM-immobilized sensor chip surface at a flow rate of 20 μL/min. After 120 s, HBS-EP was flowed over the sensor surface to monitor the dissociation phase. Following 180 s of dissociation, the sensor surface was fully regenerated by the injection of 10 μL of 3 M NaCl in the system. All values were analyzed using BIAevaluation software.
Supplementary data
Supplementary data are available at Glycobiology online.
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